Precipitation of gypsum is studied in a HARDTAC (High-Aspect Ratio, Draft-Tube, Agitated Crystallizer) reactor, which is considered as the core crystallization unit of lots of wastewater treatment systems. Coupling Computational Fluid Dynamics (CFD) and population balance modelling to simulate precipitation can be a useful tool to come to a decision about upstream and downstream units. In the present study, we aim to validate such approach by investigating gypsum precipitation in a HARDTAC pilot unit and comparing experiments results with simulation. Measured nucleation and growth kinetics are used to feed the model. A comparison between experiments and simulations is presented in the case of gypsum precipitation with a given set of operating conditions. Good agreement is obtained for species concentrations, gypsum mass fraction and volumetric mean diameter but some discrepancies still remain between measured and simulated crystal size distribution.
Introduction
The High-Aspect Ratio, Draft-Tube, Agitated Crystallizer (HARDTAC) is a continuous, forced-circulation crystallizer that employs concentrated solids recycle to yield a large, narrow particle size distribution (PSD). Thanks to the large particle precipitating and minimimal reactant consumption that characterize its pollutant removal ability, HARD-TAC is marked out from conventional precipitation processes.
Coupling Computational Fluid Dynamics (CFD) with population balance modelling can provide interplay processes between hydrodynamics and crystallization phenomena which remain difficult to predict from operational data. Once validated, a modelling approach may be used as a tool to optimize both design and operating conditions of crystallization processes and reduce time and resources otherwise needed in pilot scale tests. In the following paper, we investigate a comparison between experimental results and calculated values to validate the proposed model, which is shown to be useful to improve the comprehension of precipitation process.
Methods and fundamentals
Precipitation kinetics of gypsum Supersaturation. The precipitation reaction of gypsum is as follows:
The thermodynamic driving force for precipitation is given by the difference in chemical potential of the crystallizing compound in a supersaturated solution and in the crystal.
The chemical potential of the dissolved compound can be defined by way of activity though in the case of relatively dilute solutions it can be expressed with concentrations. Thus, the absolute supersaturation, is defined according to this reaction by
with K s ¼ 260 mol 2 m 26 . And the relative supersaturation is given by the relation
Nucleation rate. The nucleation rate of particles (number of particles per cubic metre per second) can be expressed, assuming only primary nucleation is considered, by
where A and B are the two kinetic coefficients we aim to determine experimentally.
Growth rate. The linear growth rate G defined as
where L is the particle size, is frequently expressed by the relation
The growth rate is here taken to be independent of the particle size. The two coefficients k g and g are also determined experimentally as described in the following part.
Experimental determination of kinetics
Laboratory experiments have been made to measure nucleation and growth rates of gypsum precipitation using a particular method (Salvatori et al., 2002) . Five experiments were carried out for different initial supersaturation ratio values. One litre baffled and perfectly mixed reactors were used. At the end of each experiment, particle size distribution is measured using a laser granulometer and samples are observed by optical microscopy so as to determine the volume shape factor of particles.
Dye-test experiments
Dye-tests were achieved on a 20 l HARDTAC pilot by pulse injection of sodium chloride at given operating conditions (flow rate, mass of NaCl injected, rotating speed) in order to investigate HARDTAC hydraulic behaviour and to obtain useful data (exact geometry and flow injection location) for hydrodynamics validation by CFD. Following Table 1 sums up the dye-tests operating conditions. Several experiments implying gypsum precipitation were made on HARDTAC pilot with different operating conditions. In this paper, we show comparison between experimental and simulation results obtained with two sets of operating conditions (Table 2) with a 20 l HARDTAC pilot unit implemented in the process portrayed in Figure 1 .
CFD modelling
Dye-test CFD modelling. CFD modelling of dye-test experiment was carried out in order to validate the agitation model and turbulence models used in further simulations including precipitation reaction. We used the commercial package Fluentw 6.3 on a 300,000 quad-cells geometry HARDTAC pilot with operating conditions of dye-test experimental campaign (Table 1) . First, steady flow is achieved by modelling agitation with a Moving Reference Frame (MRF) and turbulence with k-epsilon realizable model; once done, the flow is "frozen" and tracer is modelled by using one unsteady species transport equation (species with same physical properties as water).
CFD modelling of gypsum precipitation with solids recycling. To simulate gypsum precipitation, we use Fluentw 6.3 and our own implementation of precipitation processes using user-defined functions and scalar equations. Simulation runs in steady state and needs to involve multiphase and species transport models. Modelling precipitation through CFD code using population balance requires an additional transport equation to describe evolution of particles called the population balance equation (Hulburt and Katz, 1964) . In this way, we simulated interplays between hydrodynamics and precipitation with the following assumptions: † only primary nucleation is considered † growth rate is size-independent † aggregation and breakage of particles are neglected † perfect micromixing is assumed in each computation cell † secondary solid phase does not affect flow field. Nucleation and growth rate appear in some elements of the population balance equation and are used in mass transfer terms in multiphase equations.
Among the numerical methods commonly used to solve the population balance equation, we implemented the Standard Method of Moments (Randolph and Larson, 1971) which is the most adapted to our case (size-independent growth rate) and requires less computer resources than the other moments-based method, the quadrature method of moments first proposed by McGraw (1997) and applied by Marchisio et al. (2003) , which is needed for instance with a size-dependent growth rate. The Standard Method of Moments approach is based on taking moments of the population balance equation with respect to the internal coordinate (in our case, the particle size). Nucleation rate, growth rate and mass transfer due to reaction are implemented using User-Defined-Functions (UDF) and User-Defined Scalar equations are used and customized to solve chemical species and population balance transport Equations (using n moments of the size distribution implies n equations to be solved). Slurry water pours out of the HARDTAC outlet into a clarifier (Figure 1) . A given amount of slurry water is extracted and recycled into the HARDTAC reactor (solids mass fraction greater than 30%). To take into account solids recycling in simulation, we used UDFs so as not to handle clarifier modelling. Recycle inlet (Figure 1 -flow number 3) flows 30% of solids (mass fraction) into the reactor assuming Mass Crystal Size Distribution (CSD) is not affected by the settler and so is the same as the outlet one (Figure 1 -flow number 4) . UDFs are used to both retrieve population balance moments (moments contain "crystal size distribution information") at the outlet and plough them back into recycle inlet.
Things of interest are sulphate concentration, solids mass fraction and population moments inside the reactor and on its outlet. Given the six moments, we can reconstruct mass CSD using numerics.
Results and discussions

Kinetics results
The final particle size distributions obtained experimentally are presented in Figure 3 , while Figure 2 shows that crystals formed are needle like and a mean volumetric shape factor of 0.075 was determined.
These labscale results (initial supersaturation, final particle size distribution, volumetric shape factor) allow us to determine kinetics parameters thanks to some numerics described by Salvatori et al. (2002) and implemented through MATLABw software.
A set of differential equations and an error function to minimize allow to obtain the four parameters (A, B, k g , and g) used in nucleation and growth rates expressions we decided to use (Equations 4 and 6) . The best parameter values give the following Dye-test -simulation vs. experiment
The Figure 4 represents the Residence Time Distribution obtained with the same set of operating conditions for CFD simulation, experiments and last assuming HARDTAC pilot as a CFSTR (see Table 1 for experimental dye-test operating conditions). Residence Time Distribution is often used to determine some characteristic times (and their ratio) as indicators of the hydraulic behaviour (Nauman and Buffham, 1983 ). Table 3 gathers these indicators obtained for simulation and experiments so as to compare them with ideal reactor (CFSTR). Table 3 and Figure 4 show a good agreement between experiments and simulation and demonstrated ideal continuously stirred tank reactor behaviour. Besides information on hydraulics of HARDTAC pilot, such comparison allows us to find adequate agitation and turbulence models for next modelling steps shown below.
Gypsum precipitation in HARDTAC pilot -simulation vs. experiment
Having measured nucleation and growth kinetics, we made simulations as explained in the methods section and obtained the following results. Table 4 shows some key data (for the two sets of operating conditions) such as sulphate concentration, solids mass fraction and Broucker particle diameter (d 43 ) at pilot outlet (Figure 1 , flow number 4) obtained both for experiment and simulation. Moreover, using the volume average growth rate (obtained at end of simulations) and theoretical detention time of the reactor, one can calculate Broucker diameter using a simple formula only valid for perfectly mixed reactor. Figure 5 shows mass particle size distribution (Mass CSD) measured at outlet/ recycling loop with Mass CSD obtained by simulation.
Once convergence is obtained, moments (used to solve population balance equation) are used to reconstruct Mass Particle Size Distribution using numerics external to Fluentw.
Quantitative agreement between experimental and simulation results has been obtained for sulphate concentration, solids mass fraction and d 43 (Table 4 ). Concerning Mass CSD, we also obtain good agreement between simulations and experiments though figures show a poor match between simulations and experiments for low particle sizes (see zoom of mass CSD in the top-right corner of Figure 5 ). Numerics used to reconstruct particle size distribution may need improvement.
In addition to the above suggestion, due to numerous assumptions we made, both experimental and modelling efforts can be achieved in order to obtain a good match between actual data and simulations. Labscale kinetics measurements could take into account the fact that growth rate can be size-dependent and/or assume non negligible aggregation/breakage phenomena. Concerning flows loaded with 15 to 30% of solids (mass fraction), one can measure its impact on flow viscosity using rheometry. The new elements will next be implemented to be used by the CFD package. A drag law adapted to the volumetric shape factor and above all particles needle-like shape will be more adapted to describe interactions between liquid and solid phases.
Conclusion
The paper summarizes first results of a comparison between experiments on gypsum precipitation in a HARDTAC pilot unit with numerics given by coupling CFD with population balance. Such an approach (experiments vs. simulation) is made in order to validate a numerical tool useful to understand the interplay between hydrodynamics and mineral precipitation on several inorganic constituents' removal processes. However, some discrepancies still remain between experiments and calculations and we aim to improve both experimental kinetics measurements and numerical way of coupling population balance and CFD.
